D-A280 921
MWD

Public re
maintain
for reduc
the Ot

1. Agency Use Only (Leave blank). 2. Report Date.

1994

" Form Approved
ION PAGc OBM No. 0704-0188

1 par tusponse, including the Ame for reviewing inslructions, searching existing data sources, gathanfigand
Send commants regarding this burden or any other aspect of this collection of information, inciuding suggestions
ation Operations and Reponts, 1215 Jefterson Davis Highway, Sulte 1204, Arlington, VA 222024302, and to
ashington, DC 20503,

3. Report Type and Dates Covered.
Final - Conference Proceedings

4. Title and Subtitle.
Advances in MIC Testing

5. Funding Numbers.
Program Element No. 0601153N

Project No. 03103

6. Author(s).
Little, B., and P. Wagner

7. Performing Organization Name(s) and Address(es).
Naval Research Laboratory
Oceanography Division
Stennis Space Center, MS 39529-5004

ey

E‘.‘S . TaskNo. 320

‘_e‘.“'; Accession No. DN094463
Work Unit No. 13331A

8. Perfoimning Organization
Report Number.
Std. Tech. Publication 1232-
. 1994, Amer. Soc. for Testing &
Matls.

9. Sponsoring/Monitoring Agency Name(s) and Address(es).

Naval Research Laboratory
Requirements Division
Stennis Space Center, MS 39529-5004

10. Sponsoring/Monitoring Agency
Report Number.

NRL/PP/92:077:333

11. Supplementary Notes.

12a. Distribution/Avallability Statement.
Approved for public release; distribution is unlimited.

12b. Distribution Code.

13. Abstract (Maximum 200 words).

The study of microbiologically influenced corrosion (MIC) has progressed from phenomenological case histories to a mature

interdisciplinary science including electrochemical, metallurgical, surface analytical, microbiological, biotechnological, and
biophysical techniques. With microelectrodes and gene probes it is now possible to measure interfacial dissolved oxygen,
dissolved sulfide and pH, and to determine microbial species responsible for localized chemistry. Biofilms can be tailored to
contain consortia of specific microorganisms and naturally-occurring biofilms can be dissected into celiular and extracellular
constitutents. Scanning vibrating electrodes can be used to map the distribution of anodic electrochemical activity. Electrochemi-
cal impedance spectroscopy and electrochemical noise analysis techniques have been developed to non-destructively evaluate
localized corrosion due to MIC. The development of environmental scanning electron, atomic force, and laser confocal
microscopy makes it possible to image cells on surfaces and to accurately determine the spatial relationship between
microorganisms and localized phenomena. Transport of nutrients through biofilms can be modeled using techniques including
optical density measurements to preciseiy locate the water/biofiim interface and nuclear magnetic resonance imaging to visualize
flow characteristics near surfaces colonized with microorganisms. The ways in which new techniques can be used to understand
fundamental mechanisms and to discriminate MIC will be discussed in this paper.

14. Subject Terms.
Microbiologically influenced corrosion (MIC), culture techniques, electrochemistry, surface

15. Number of Pages.
11

analyses 16. Price Code.

17. Security Classification
of Report.
Unclassified

18. Security Classification
of This Page.

Unclassified

19. Security Classification
of Abstract.
Unclassified

20. Limitation of Abstract.

SAR

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Sid. Z39-18
298-102




Authorized reprnint from Standard Technical Publication 1232-1994
Copyright American Society for Testing and Materials. 1316 Race Street, Philadeiphia, PA 19103

Keynote Address
Brenda J. Little' and Patricia A. Wagner'

Advances in MIC Testing

REFERENCE: Litte, B. and Wagner. P.. “*Advances in MIC Testing,” Microbiological In-
fluenced Corrosion Testing, ASTM STP 1232, Jeffery R. Kearns and Brenda J. Little, Eds..
American Society for Testing and Matenals, Philadelphia, 1994, pp. 1-11.

ABSTRACT: The study of microbiologically influenced corrosion (MIC) has progressed from
phenomenological case histories to a mature interdisciplinary science including electrochemical.
metallurgical, surface analytical. microbiological. biotechnological, and biophysical techniques.
With microelectrodes and gene probes it is now possible to measure interfacial dissolved
oxygen, dissolved sulfide and pH. and to determine microbial species responsible for locahized
chemistry. Biofilms can be tailored to contain consortia of specific microorgamsms and nat-
urally-occurring biofilms can be dissected into cellular and extracellular constituents. Scanning
vibrating electrodes can be used to map the distnbution of anodic electrochemical activity.
Electrochemical impedance spectroscopy and electrochemical noise analysis techniques have
been developed to non-destructively evaluate localized corrosion due to MIC. The development
of environmental scanning electron, atomic force, and laser confocal microscopy makes 1t
possible to image cells on surfaces and to accurately determine the spatial relationship between
microorganisms and localized phenomena. Transport of nutrients through biofilms can be
modeled using techniques including optical density measurements to precisely locate the water:
biofilm interface and nuclear magnetic resonance imaging to visualize flow charactenstics near
surfaces colonized with microorganisms. The ways in which new techniques can be used to
understand fundamental mechanisms and to discriminate MIC will be discussed in this paper.

KEYWORDS: microbiologically influenced corrosion (MIC). culture techniques. clectro-
chemustry, surface analyses

Introduction

Corrosion associated with microorganisms has been recognized for over 30 vears. vet the
study of MIC is a relatively new. multidisciplinary field. In 1985 an International Conference
on Biologically Influenced Corrosion was sponsored by the National Association of Cor-
rosion Engineers (NACE). Of the thirty-six papers in the proceedings volume. roughly half
the papers are descriptive case studies and ten titles contain the words sulfate-reducing
bacteria (SRB) [/]. In 1985 many of the techmiques for evaluaung MIC depended on char-
acterizing shape, color, and smell of surface deposits in addition to the presence of specific
types of bacteria, usually SRB. In contrast, today there is general recognition that SRB
contribute and control many cases of MIC, but that it is the total community of bactena
within the biofilm that is responsible for MIC and there is no correlation between numbers
and types of cells and localized corrosion [2]. Electrochemical. surface analytical, and m-
crobiological techniques are now routinely combined to elucidate the complexities of mi-

crobial interactions with metal substrata. 9 4— 1 97 3 1
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2 MICROBIOLOGICALLY INFLUENCED CCORROSION TESTING

Techniques for Determining Cellular Constituents Within Biofilms
Culture Techmques

For many vears. the standard for evaluating MIC has been the enumeration of SRB either
in bulk liquids or 1n surtace deposits using a higquid or sohd (3] medium with sodium lactate
as the carbon source [4.5]. When SRB are present in the sample. sulfate 1s reduced to suifide
which reacts with iron in solution to produce black terrous sultide. Blackening ot the medium
over a 28-dav penod signals the presence ot SRB. Usuallv. | mL samples are njected by
swringe nto media bottles tor 10-foid dilutions. 1t 1» assumed that only a wingle hving
bacterium 15 required to blacken a bottle. The simplest interpretation ot test results 1s to
consider that if one bottle 15 blackened. the sample contained at least 1 orgamsm, 1if two
bottles are blackened. the sample contained 10 organisms. three bottles. 100 orgamsms and
so on. Agar slants <an be noculated by dipping a pipe cleaner into a liquid sample and
inserting it 1nto a single vial of sohid or semi-sohd agar. Mineral ol and a CO.-generating
tablet are usually added to exclude oxvgen. and the vial s capped. incubated for 5 days.
and checked datly for blackemng.

The distinct advantage ot cultuning technigues is that they are extremely sensitive. Low
numbers of SRB grow to casilv detectable higher numbers in the proper culture medium.
However. growth media tend to be stramn-specific For example. lactate-based media sustain
the growth of lactate oxidizers but not acetate-oxidizing bacteria. Incubating at one tem-
perature s turther selective. Cultuning methods using agar media cannot distinguish between
a single SRB cell and a clump of SRB cells [3]. The present trend in culture techniques 1y
10 attempt to culture several physiological groups including aerobic. heterotrophic bactena.
facultative anaerobic bactena. and acid-producing bactena in addition to sulfate-reducing
bactena [6]. A complex SRB medium contaimng multiple carbon sources that can be de-
graded to both acetate and lactate has been developed and compared to tive other com-
mercially avalable media using natural and produced waters and surtace deposits | 7]

Biochemical Assavs

Biochemical assavs have been developed for the detection of speaific microorganisms
assoctated with MIC. Unlike culturing techniques. biochemical assays for detecting and
quanufving bactena do not require growth ot the bactena. Instead. bochemrcal assavs
measure constitutive properties including adenosine triphosphate (ATP) |8]. phospholipid
fatty acids (PLFA) [2]. cell-bound antibodies [9.10). and DNA [/1]. Adenosine-5'-phos-
phosulfate (APS) reductase {3]. hvdrogenase [/2]|. and radiorespirometrnic measurements
have been used to estimate SRB populations and acuvuty [/3.74).

ATP assavs estimate the total number of viable orgamisms by measuring the amount of
adenosine triphosphate tn a sample. ATP is a compound found n all hiving matter. The
procedure requires that a water sample be filtered to remove solids and salts which may
interfere with the test. The filtered sample s added to a reagent that releases cell ATP An
enzvme then reacts with the ATP to produce a photochemical reaction. Emitted hght i
measured with a photometer and the number ot bacteral cells 1s estimated trom the total
hight emutted.

Biofilm community structure can be analvzed using cluster analysis of the PLEA profiles
[2]. PLFA profies for natural biotidms have been shown to be more compiex than profiles
for laboratory biofilms. None of the laboratory protiles clustered closelv with protiles from
natural biotilms. In addition. the PLFA profiles for attached bactena clustered separatety
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from profiles of the same bactena in the bulk phase. suggesting that either the community
or the physiology of attached bactena differ from that of bulk phase bactena.

Immunofluorescence techmques have been developed for the identification of specific
bacteria in biofilms [75.7/6]. Epifluorescence cell surface antibodv (ECSA) methods for
detecting SRB are based on the use and subsequent detection of specific antibodies. produced
in rabbuts, that react with SRB cells [9.70}. A secondarv antibodv. produced in goats. 1»
then reacted with the primaryv rabbit antibodies bound to SRB cells. In some cases. goat
antibodies are linked to a fluorochrome which cnables bactenial cells marked with the
secondary antibody to be viewed with an epifiuorescence microscope. In other cases. goat
anuibodies are conjugated with an enzvme (alkahne phosphatase) that can then be reacted
with a colorless substrate to produce a visible color proportional to the quanuty of SRB
present. The detection imits for the field test are 10 000 SRB/mm- filter area. The color
reagent used for the ficld tests s unstable at room temperature and tends to bind nonspe-
cifically with anubodies adsorbed directiy at active sites on the filter. creating a false positive
that may interfere with the detection of SRB at levels below 10 000 cells/mm-. Antigenic
structures of manne and terrestnial strains are distinctly different and theretore antibodies
to either strain did not react with the other. Furthermore. SRB antibodies did not react
with non-SRB bacteria. The developers report a poor response of rabbit antibodies devel-
oped from pure SRB cultures 1o mixed populations [/0]. Rabbit SRB antibodies generated
from fresh SRB strains from Prudhoe Bav. Alaska. as well as terrestrial and marine locations.
were found to react better with SRB from natural sources. It i possible to differentiate
individual species within a biofilm by reacting them with monoclonal antibodies specific to
outer cell membrane antigens. Hogan §/7] described i non-isotopic semi-quantitative pro-
cedure for the detection of Desulfobactertum and Desulfotomaculum using DNA probes
labeled with an acridimum ester that s sensitive to 10° orgamisms per mi..

Direct molecular charactenzation of natural microbial populations can be accomplished
with sequence analvsis of S§ rRNAs [/7.78]. More recentlyv, fluorescent dve-labeled oh-
gonucleotide probes have been used for microscopic iWdentification of single cells and char-
acterization ot mixed populations. Polvmerase chain reaction amphfication. comparative
sequencing and whole cell hvbnidizaton have been combined to selectively adentity and
visualize SRB both 1n established and developing multispecies bofilms {/9].

APS reductase ts an intercellular ¢nzyme found in aill SRB. Bniefly. cells are washed to
remove interfacing chemicals. including hvdrogen sulfide. and lvsed to release APS reduc-
tase. The lysed sample is washed. added to an antibodv reagent and exposed to a color-
developing solution. In the presence of APS reductase a blue color appears within 10 min
The degree of color is proportional to the amount of enzyme and roughly to the number
of cells from which the enzyme was extracted. Similarly, a procedure has heen developed
to quantify hydrogenase from hydrogenase-positive SRB requining cells to be concentrated
by filtration from water samples (/2]. Sohds. including corrosion product and sludge. can
be used without pretreatment. The sample s exposed to an enzvme extracting solution for
15 min and placed in an anaerobic chamber from which oxvgen 1s removed by hvdrogen
The enzyme reacts with excess hydrogen and simultaneously reduces an indicator dve 1n
solution. The activity of the hydrogenase 1s established by the development of a blue color
in less than 4 h. The intensity of the blue color 1 proportional to the rate of hvdrogen
uptake by the enzyme. The technique does not attempt to estimate specific numbers of
SRB.

Roszak and Colwell {20] reviewed techmiques commonly used to detect microbial activities
In natural environments. including transtormations ot radiolabelled metabohic precursors
Phelps et al. [2/] and Mittelman et al. [22] used uptake or transtormation ot M'C-labelled
metabolic precursors to examune activitics ot sessile bactena in natural environments and




4 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING

i laboratory models. Phelps etal. [27] used a vanety ot 'C-labelled compounds to quantity
catabolic and anabohic bacterial activities associated with corrosion tubercies i steel natural
gas transmission pipelines. Thev demonstrated that organic aad was produced from H-and
CO. 1in n-ural gas by acetogente bactenia, and that acidification could lead to enhanced
corrosion of the steel. Mittelman ct al. [22] used measurement ot ipid bosynthesis trom
'‘C-acetate. in conjunction with measurements of microboal bromass and extraceliular poly-
mer. to studv etfects of differential flwd shear on phvaiology and metabohism ot Alteromonas
tformeriy Pseudomonas) atlunuca. Increasing shear torce ancreased the rate ot total pd
bosvnthesis. but decreased per celf biosynthesis. Increasing tlurd shear also increased cellular
biomass and greatly increased the ratio of extracetiular polvmer to cellular protemn.

Techmgues for analvzing microbial metabohe activity at locablized sites are also beng
developed. Frankhin ¢t al. [23] incubated mucrotial brotilms with 'C-metabohic precursors
and autoradiographed the biofilms to locate biosvnthetic activity on corroding metal surfaces.
The uptake of the labelled compounds was related to locahized clectrochemical activities
assoctated with corrosion reactions.

A major breakthrough in determining bacternal activity within botilms has been the use
of “reporter” genes that can signal the induction ot specific metabohe pathways. King et
al. [24] engineered the incorporation ot a promotorless cassette ot fux genes into specttic
operons of Pseudomonas so that these operons induce bioluminescence duning the degra-
dation of naphthalene. Mittelman ¢t al.” used the bioluminescent reporter gene to provide
a Quantitative measure of attachment ot microorganisms onto metal and glass surfaces in a
laminar flow system. They found that biofilm light production was directly correlated with
biofilm cell numbers 1n a range of 10°~107 cells/em . Using reporter genes. Marshall et al.
[25] demonstrated that bactena immobihized at surfaces exhibit physiological properties not
found in the same organisms 1n the agueous phase. Some genes are turned on at a sohd
surface despite not being expressed in hiquid or on solid media. It s also likely that other
genes are turned off at surfaces. Thev idenuticd acid- and alkali-inducible genes in E. colt.
Marshall et al. [25] further demonstrated gene transters within brofilms even in the absence
of imposed selection pressure.

Rosser and Hamilton [/3]. with subsequent modifications {/4]. developed a test tube
technique for a S suifate radioresprrometric assay to measure SRB metabolic activity on
the surface of metal coupons after exposure to corrosive environments. The couponis placed
into anaerobic filtered stenile seawater contaiming “S-sulfate. Oxygen-free zaine acetate s
immediately injected onto an enclosed filter paper wick and the entire system s incubated.
Oxygen-free hydrochloric acid is then injected past the wick into the solution. Volatle aad
sulfides. including any H,"S formed. are trapped dunng an equihibration peniod. The wick
1s removed from the tube and the radioactivity measured using a liquid scintitlation counter.
after which the sulfate reduction rate 1s caiculated. This technique has been used for both
bulk and coupon samples.

Techniques for Identification and Measurement of MIC

Electrochemical Techniques

Mansfeld and Little [26] recently reviewed electrochemical techniques apphed to MIC
studies and no attempt will be made to discuss alf the innovations in clectrochemical tech-
mques. Three nondestructive efectrochemical techniques. the scanming vibrating electrode
techmque (SVET). eclectrochemical impedance spectroscopy (EIS). and clectrochemical

“M. W Mittelman, J. M. H. King, G. S. Savier. and D. C. White. unpublished data, University of
Tennessee. Knoxwille. TN, 1992.
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norse analvss (ENA) are currently bemng used to provide umgue msights into mechanisms
tor MIC.

SVET s used to determine the magmitude and sign of current densities over freely cor-
roding metals in solution [27]. Frankhn et al. [28] used SVET to show a spatial relationship
between localized corrosion and bacternial cells on carbon steel surfaces. Pit propagation
depended on the presence of bacteria. The authors proposed that biofilms inhibited migration
of aggressive wons from pits or migration of inhibiting 1ons trom the bulk solution into pits.

EIS technigues record impedance data as a function ot the trequency of an apphied signal
at a fixed potential {29]. A large frequency range (65 kHz to 1 mHz) must be invesugated
to obtain a complete impedance spectrum. Dowhing ¢t al. [30] and Frankhn et al [3/]
demonstrated that the small signals required for EIS do not adversely affect the number.
viability, and activity of microorganisms within i bofilm.

EIS data mayv be used to determune polarization resistance., the inverse of corrosion rate.
Sophisticated models have been developed tor locahized corrosion [32.33] that provide ad-
ditonai informauon from EIS data. Several reports have been pubhished in which EIS has
been used to study the role of SRB in corrosion of bunied pipes [34-16] and remnforced
concrete {37-39]. The formation of biofilms and calcareous deposits on three stainless steels
and titamum dunng exposure to natural scawater was tollowed using EIS and surface analysis
[40.41). Ferrante and Feron [42] used EIS data to conclude that the matenal composition
of steels was more important for MIC resistance than bactenal population. incubation time.,
sulfide content. and other products of bactenal growth. Jones et al. [43] used EIS to de-
termune the effects of several mixed microbological commumities on the protective properties
of epoxv coatings on steel. A damage function was defined which allowed qualitative as-
sessment of coating deterioration due to MIC.

ENA follows fluctuations of potential or current us a function of time or expenimental
conditions. Analysis of the structure of the clectrochemical noise using the trequency de-
pendence of the power spectral density can provide information concerming the nature of
corrosion processes and magnitude of corrosion rate. King et al. [36] interpreted noise
measurements for steel prpes 1n environments contaiming SRB s being indicative ot film
formation and breakdown. Iverson {44.45] used ENA to monnor corroston of mild steel in
a trypucase seawater culture of a manne SRB and concluded that breakdown ot the iron
sulfide film was accompanied by the generation of potential electrochemical noise.

Surtace Analvtical Techmques

Nivens et al. (46} demonstrated that attenuated total reflectance infrared spectroscopy
(ATR-FT/IR) can be used to detect changes n sessile microbial biomass. The ATR-FT IR
studies showed that changes in the physiological properties ot attached bactena were induced
by changes in the bulk phase. They demonstrated that the number of attached Caulobacter
sp. was directly correlated with the intensity of the infrared amide Il asymmetncal stretch
band at 1543 cm ', corresponding to bactenal protein. The techmque was sensitive to [(F
bactena/cm’. and changes in the physiological status of the attached bactena could be
measured. For example. production of the intracellular storage limd. poly-B hvdroxvalka-
noate. and production of extraccllular polvmer. were monitored by absorbance at 1730 ¢m
(C=0 stretch) and 1084 cm ' (C—O stretch). respectively.

Geesey and Bremer [47) used ATR-FT/IR to evaluate non-destructively, in real ume.
interactions of bactena with thin films of copper deposited on germanium. Changes in the
thickness of the copper films were measured as increased intensity ot the infrared water
absorption band at 1640 cm ' The authors compared copper loss in the presence ot bactena
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solated from corroded copper samples and were able to observe differences between two
cultures. Using this techmque . Jollev et al. [48] observed copper oxidation by three polvmers.
including bactenal exopolvmer.

Nivens et al. [46] invesugated the use ot the guartz ervstal microbalance (QCM). a very
sensitive mass-sensing device. for detecting attached microbial films. The QUM was more
sensitive to changes in blomass than ATR-FT.[R. with a detection hmit ot 10* bactena cm-
and a lincar range of at least two orders of magnitude. An interesting aspect ot both ATR-
FT IR and the QCM s that substrata ot both techmigues can be used for electrochemical
analyses so that corrosion intormation can be obtained while changes 1n microbial biotilms
are monitored.

It 1s now generally recognized that biofilms alter biofilm: metal interfacial chemistries.
Direct chemical measurements are restricted by biofilm thickness and the heterogencous
anisotropic nature of biofilms [(49]. lon-selective and gas sensing microprobes with tup di-
ameters less than 10 wm have been developed tor direct brotilm measurements. Lewandowski
[49] measured dissolved oxvgen protiles in g continuous tlow, open channel reactor with o
miaed brottlm on a metal surtace. Van Houdt et al. |50] developed a rugged mndium oxide
pH microelectrode with a 3 to 5 um tip diameter to measure a pH profile across a mixed
population brofilm on a polycarbonate disc.

An an-situ microtechnique has been developed for evaluatung parameters of diffusion-
controlled reactions in biofilms (5/]. A microprobe 15 um in diameter was used to simui-
tancously measure dissolved oxveen and opucal density at different depths in a submerged
hrofilm. The diffusion coetficient for dissolved oxvgen, the dissolved oxygen flux. and the
halt veloaity coefficient were then calculated.

Nuclear magnetic resonance imaging (NMRI). a non-invasive method. uses radiofrequency
magnctic fields in the presence of a strong magnetie field to provide information about the
concentration and physical state of speafic atomie nucles. Lewandowskr et al. [52] dem-
onstrated the use of NMRI to show distribution ot water, tlow velocities, and biomass i a
bofilm. polycarbonate reactor svstem.

Recent developments in image analysis systems and electron, atomic and laser micros-
copres make 1t possible to tmage brological matenals in the hvdrated state. Mucllar ¢t al.
[53] were able to determine rate coetficients for carly bactenal colomzation on copper.,
sthieon, stainless steel and glass using a chemostat. a flow cell, and a microscope equipped
with an image analysis system. Substrata were monitored using reflective hight trom a mi-
croscope equipped with a Nomarski lens and video camera recorder. Transmitted hight was
used tor transparent surfaces. They demonstrated that surface roughness and surtace tree
energy correlated positively with biological and abiological sorption processes.

Little et al. [54] used environmental scanning electron microscopy/energy-dispersive X-
rav analysis (ESEM/EDS) to study biofilms on stainless steel surfaces. observing a gelatinous
faver in which microalgae were embedded. Extracellular potvmeric acidic polvsacchandes
bind and precipitate heavy metals. ESEM/EDS spectra indicated local concentrations ot
AL Ni.and Ti. Images of the same specimens made using traditional scanning clectron
microscopy (SEM) demonstrated a loss of cellular and extracellular matenial. Dehydration
of the biofilm with solvents. required for SEM. either extracted bound metals from the
hofilm by 10n exchange/soivent extraction or removed the metals with the extracellular
polymernc matenal.

Laser confocal microscopy permits one to create three-dimensional images. see surface
contour 1n minute detail, and accurately measure cnitical dimensions by mechanically scan-
mng the object with laser light [55]. A sharply focused image of a single honzontal plane
within a specimen 1s formed while light from out of focus areas s repressed from view The
process 1s repeated again and again at precise intervals on honzontal planes and the visual
data trom ail images compiled to create a single. multidimensional view of the subject.
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Geesev' used laser contocal microscopy to produce three-dimensional images of bactena
within scratches. milhing hnes and grain boundaries.

The atomic torce microscope (AFM) is related to the scanning tunneling microscope
(STM). T'he STM uses an atomically sharp conductive tip held angstroms from the surtace
to profile surface features with angstrom resolution. When the up 1s electrically biased with
respect to the sample. a current will flow between the surface atom closest to the tip and
the nearest tip atom by the quantum mechanical process of electron tunneiing. While the
STM requires the sample to be electrically conductive or coated with a conductive matenal.
the AFM can be used to image non-conducting surfaces and does not rely on tunneling
current. AFM provides exceptional detail and allows viewing of specimens in the hvdrated
state. AFM uses an extremely sharp scanning probe mounted on a flexible cannlever to
record x.v.: coordinates of a sample in fracuons of a nanometer. Photodiode electrical
outputs mimic sampie topography and serve as the basis for the resuiting image. AFM
images of copper exposed to a bactenal culture medium for 7 days showed biofilms distrib-
uted heterogeneously across the surface with regard to both cell numbers and depth |56].
Bactenal cells were associated with pits on the surface of the copper coupons.

Conversion of metals to sulfides by SRB has been studied since the late 1800s {$7]. Baas-
Becking and Moore identified mackinawite. gregrite and smvthite as indicators for SRB
corroston of ferrous metals in anaerobic environments [S8]. McNeil et al. analvzed sulfide
mineral deposits on copper alloys colomzed by SRB in an attempt to identify specific
mineralogies that were indicative of SRB activity [59]. They concluded that the formation
of non-adherent layers of chalcocite (Cu.S) and the presence of hexagonal chalcocite were
indicators of SRB-induced corrosion of copper. The compounds were not observed abiot-
ially and their presence 1n near-surface environments could not be explained thermody-
namically.

Sulfur isotope fractionation was demonstrated by Little et al. in sulfide corrosion deposits
resulting from the activities of SRB within brofilms on copper surfaces [60]. “S accumulated
in sulfide-rich corrosion products. and “S was concentrated in the residual sulfate 1n the
culture medium. Accumulation of the lighter 1sotope was related to surface denvatization
or corroson as measured by weight loss. Use of this and the preceeding mineralogical
techmque to idenufy SRB-related corrosion requires soptusticated laboratory procedures

Conclusions

The combined testing approaches of microbiology. electrochemistry. and surface chemistny
have been reviewed to provide insight into complex interactions between brofilms and metal
surfaces. Multimedia microbiological cultures. biochemical assavs and genetic probes are
being used to demonstrate the presence of specific types of bactena. ESEM. AFM and laser
confocal microscopy have demonstrated the spatial relationship between bactena and lo-
cahized corrosion on hvdrated surfaces. Dissoived oxvgen. dissoived sulfides. pH and optical
density protiles through biofilms have been made with microprobes. Electrochemical testing.
including EIS. SVET and ENA. has been used to demonstrate MIC for manv allovs in 4
large number of environments.
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DISCUSSION

Tom Juck' (written discussion) —1 was interested by one subject that vou did not mention
but which is probably going to be verv important: kinetics of transport phenomena in
biofilms. Could vou comment on the state of the art?

B. Lutle and P. Wagner tauthors™ closure)—Techmques for determining brofilm reaction
hinetics and the related diffusion coetficients depend on two tvpes of testing (1) chemical
analyses of bulk water and (2) measurements inside the biofilm using microsensors. Le-
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wandowski et al. developed a microtechmgue that allows ¢valuanion of diffusion-controtled
reactions within biotims. They presented an aigonthm and instrumentation tor measuring
respiration reaction Kinetics in biotdms and simuitaneously measured dissolved oxygen and
optical density through a biotilm The biohlm diffusion coetficient for dissolved oxvgen. the
dissolved oxvgen tlux through the bofilm surtace and the half vefoaty coefficient were
calculated. The procedure v general and can be used for organic compounds or dissolved
pases for which a concentration protile across 4 biotilm can be measured. See “Reaction
Kinetics 1n Brotilms™ by Z. Lewandowskt, G Walser and W Characklis 1in Btorechnology
and Broengineering. Vol 38, 1991, pp. 877-8K2.
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